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In this work we investigate the effect of a kind of scalar field, called chameleon, on the evolution
of the Universe. We put this scalar field in the bulk. It is displayed that this scalar field gives us
an exponential expansion in early time which may concern inflation. Interaction between the scalar
field and matter brings some complications to our analysis; however, it is shown that by defining
an effective potential, we could recover conventional equation at inflation era. After inflation, and
entering the Universe in the radiation era, the exponential expansion is omitted. Also, in late time
the Universe possesses an accelerated expansion. In the last section, the validity of the generalized
second law of thermodynamics, with the assumption of the validity of the first law is considered.
PACS numbers:
I. INTRODUCTION
In the last decades, an increasing amount of data, such
as astrophysical data from type Ia supernovae [1], and
cosmic microwave background radiation, indicate that
our Universe is undergoing an accelerated expansion.
Since ordinary matter cannot cause this expansion, an-
other type of matter has been introduced, called dark
energy with a negative pressure, responsible for this ac-
celerated expansion. Dark energy is one of the most puz-
zling aspects of our observed Universe. It seems that the
best and simplest candidate for dark energy is the cos-
mological constant, with an equation of state p = −ρ,
but it has some problems like ”fine-tuning”. Scalar fields
are introduced as another model for the explanation dark
energy. These explanation treat the scalar field as a dark
energy component with a dynamical equation of state.
The dynamical dark energy proposal is often realized by
some scalar field mechanism which suggests that energy
formed with negative pressure is provided by a scalar field
evolving down a proper potential. So far, people have in-
vestigated a large class of scalar field models. A most
general model for cosmic acceleration is a slow-rolling
scalar field, called quintessence [2]. The slow roll means
that the scalar field has negative pressure and then causes
positive accelerating expansion. Another attempt to ex-
plain dark energy is the phantom field [3], as well as
modification of gravitational theory [4]. The equation of
state of the phantom model is displayed by p = ωρ where
ω is smaller than −1. Another interesting scalar field
model is named ”chameleon”. This scalar field has been
suggested by Khoury and Weltman [5]. In this model a
coupling to the matter is proposed which gives the scalar
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field a mass depending on the local density of matter
(for a useful reference,see [6]); a specific example of a
chameleon field arising from string theory is given in [7].
This dependence on the local density of matter causeas
the chameleon field to have a suitable value of mass and
so it can have a good result in the solar system, whereas
quintessence is not an appropriate model in this scale be-
cause the value of the mass of the scalar field is small. It
is one of the advantages of the chameleon scalar field.
Another model which has attracted a huge amount of at-
tention is the theory of extra-dimension where all kinds of
matter and their interaction are confined on a hypersur-
face (brane), except gravity which can propagate along
the fifth dimension, embedded in a higher-dimension
space-time (bulk). Since dark energy and dark mat-
ter are detected only by its gravitational interaction, it
may be interpreted as the gravitational effects of other
branes in the bulk. Because of this and some other at-
tractor properties, this model has received much atten-
tion recently. The possibility that our four-dimensional
Universe may be embedded in a higher-dimension bulk
space-time is motivated by superstring theory and M-
theory. Higher-dimension models have a long history,
but were revived by the works of L. Randall and R. Sun-
drum in 1999 [8]. They have introduced two models in
order to solve the hierarchy problem in particle physics;
however, after a while these two models, because of their
interesting properties, attracted salient attention in cos-
mology. In their first model they consider two branes
of which our brane has a negative tension (T. Shiromizu
et al [10] have shown that this model is unphysical). In
their second model they consider a brane with infinite
extra-dimension. In that model our Universe has a posi-
tive tension. The effective four-dimensional gravity in the
brane is modified by extra-dimension [10, 11]. There is
some correction in generalized Friedmann equation, such
as its dependence on the quadratic brane energy density
that couples directly to the five-dimensional Planck scale.
2The classical Friedmann equation can be recovered in the
low energy in late time, when energy density is much
smaller than the brane tension. In the Randall-Sundrum
brane world scenario the bulk contains only a negative
cosmological constant. This needs a fine-tuning between
the cosmological constant of the bulk with the tension of
a brane. It may be more desirable to introduce a model
without the requirement of fine-tuning. String/M the-
ory suggests that it will also contain a scalar field which
is free to propagate through the bulk [13], so it is nat-
ural and attractive to consider the existence of a scalar
field in the bulk. This has been investigated in several
works such as [14, 15]. The existence of bulk matter
or scalar field can influence the cosmological evolution
on the brane. The interesting properties of these two
models, namely chameleon scalar field and brane world
scenario, have motivated us to investigate the effects of
a chameleon scalar field in bulk on the evolution on Uni-
verse.
The plan of this paper is as follows: In Sec. II, the ac-
tion of the brane and bulk is introduced. This action is
similar to [5] , as one can see the scalar field is embed-
ded in bulk space-time and this scalar field can interact
with matter which is confined on the brane. In addition
some notes related to gravity localization and basic equa-
tions are given. With the help of five-dimensional action
and supposing metric fluctuation, the wave equation for
transverse-traceless mode of the metric fluctuation is ob-
tained. The wave equation helps us to determine whether
the fluctuation mode falls or rises away from the brane,
and thus whether or not gravity actually localized the
brane. In next part, the junction conditions, basic evo-
lution equations, and scalar field equation of motion are
derived,, and it is shown that the matter density because
of interaction with matter is not conserved. In Sec. III,
the basic evolution equation on the brane (our Universe)
is acquired. With investigation of the evolution of the
Universe we realize that there is an exponential acceler-
ated expansion in early times, so we try to have some
explanation related to inflation and reheating and con-
sider them in more detail. By passing time and entering
the Universe in the radiation dominant era, the exponen-
tial term is omitted. In late time, the Universe possesses
a positive accelerated expansion. In Sec. IV, we consider
the validity of the generalized second law of thermody-
namics (GSLT) of this model in an accelerated expanding
Universe for the apparent horizon and cosmological event
horizon. It is indicated that when matter on the brane
is a sort of phantom or quintessence, the validity of the
GSLT is completely confirmed.
II. GENERAL FRAMEWORK
To begin our work, we consider the following action
S =
∫
d5x
√−g
{M35
2
R(5) − 1
2
(∇φ)2 − V (φ))
}
−
∫
d4xLm(ψm, h˜µν). (1)
The first term describes the five-dimensional gravity in
the presence of a scalar field φ and the second term de-
scribes the matter of the brane that is coupled to the
scalar field by
h˜µν = exp (
2βφ
M
3/2
p
)hµν , (2)
where β is a dimensionless coupled constant, and Mp is
the effective four-dimensional Planck mass on the brane.
Note that the brane tension is hidden on the last term
action, namely Lm, and tension appears on the brane
energy density in evolution equation (this feature can be
seen in some papers such as [11, 12]). Note that Lm is
a psedudoscalar density of weight 1. In Eq.(1), gµν
is a five-dimensional metric, with signature (-,+,+,+,+),
and hµν is the induced metric of gµν , and denotes four-
dimensional metric ofthe brane. Matter minimally cou-
ples to h˜µν related to the induced metric hµν by a con-
formal transformation. One can obtain the scalar field
equation by varying the motion with respect to φ as
∇2φ = V,φ(φ) + 1√−h
2β
M
3/2
p
∂Lm
∂h˜µν
h˜µνδ(y), (3)
where V (φ) is a potential of the chameleon scalar field,
which is almost flat. More information about the po-
tential and its feature can be found in [5, 6]. Varying
with respect to the metric gµν , the Einstein equation is
obtained as
(5)Gµν = κ25
{
T (φ)µν + T (b)µν
}
, (4)
where T (φ)µν stands for the scalar field of total energy-
momentum tensor
T (φ)µν = ∇µφ∇νφ− gµν(1
2
(∇φ)2 + V (φ)).
With attention to the dimension of the component of
the energy-momentum tensor, we realize that the dimen-
sion of the scalar field is no longer M , rather it is M
3
2 .
Because of this fact, we select M
3
2
p in the exponential
of Eq.(2), to make it dimensionless. Also the dimen-
sion of potential is M5. Since we put scalar field in
five-dimensional space-time, all of these results are ac-
quired. T (b)µν stands for the brane energy-momentum
tensor part of the total energy-momentum tensor, which
is
T (b)µν =
2√−h
∂Lm
∂hµν
δ(y),
3where it can be rewritten as
T (b)µν =
δ(y)
b
diag(−ρb, pb, pb, pb, 0).
Assuming that types of matter do not interact with
each other, so the energy-momentum tensor is conserved
in the A frame [6], namely,
D˜µT˜
(b)µν = 0, (5)
where D˜ indicates the covariant derivative in four-
dimensional space-time, and T˜ (b)µν is described by
T˜ (b)µν =
2√
−h˜
∂Lm
∂h˜µν
δ(y). (6)
This equation gives us the conservation relation in the A
frame,
˙˜ρ+ 3H˜(ρ˜+ p˜) = 0.
We suppose that the fluid in the brane be a perfect fluid
with p˜ = ωρ˜, so
ρ˜ = ρ˜0a˜
−3(1+ω) (7)
where ρ˜0 is a constant. In the above equations y displays
the coordinate of the fifth dimension and δ(y) explains
that our matter is confined to a four-dimensional hyper-
surface, namely our Universe.
A. Gravity Localization on Branes
Although this paper is focused on the evolution of the
Universe by assuming a scalar field on bulk which is cou-
pled with matter, we will motivate a class of localized
graviton on the brane. In fact, as we will show below, this
motivation can be partly justified. The five-dimensional
action of the model in the bulk (1) can be expressed as
S =
∫
d5x
√−g
(M35
2
R− 1
2
gMN∂Mφ∂Nφ− V (φ)
)
(8)
where there is a scalar field φ with a potential V (φ) and
the five-dimensional Ricci scalar, 5R. Here the Latin
index runs from 0...4 and the Greek index runs from 0...3.
The space-time metric is supposed as
ds2 = gMNdx
MdxN (9)
and one can redefine the above metric as follows
ds2 = e2A(y)hµν(x)dx
µdxν + dy2 (10)
where y stands for extra-dimension and e2A(y) is the warp
factor. Here hµν is four-dimensional metric. We can have
the following definition for the metric (23):
ds2 = e2A(z)
(
hµν(x)dx
µdxν + dz2
)
(11)
where a coordinate transformation has been imposed as
dz = e−A(y)dy. In order to study the localized gravity on
the 3-brane, one should consider the equation of motion
for the linearized metric fluctuation (11). Let us consider
the metric fluctuation δgMN = e
2A(z)hMN . The metric
is rearranged as
ds2 = e2A(z)
(
(hˆµν(x) + h¯µν(x, z))dx
µdxν + dz2
)
(12)
where the axial gauge h¯5M = 0 has been imposed on
the metric. In general, because gravity is coupled to the
scalar field, fluctuation of the scalar field should be con-
sidered at the same time that we study the fluctuation
of the metric background. However, following [30], we
can only investigate transverse-traceless (TT) modes of
the metric fluctuation, namely h¯TTµν . In fact the scalar
fluctuation vanished under TT gauges. Therefore the
dynamics equation of transverse-traceless modes of the
metric fluctuation can be written as [30](
∂2z − 3(∂zA)∂z − gˆαβ∇α∇β
)
h¯TTµν (x, z) = 0. (13)
The equation could have a solution which is given by
h¯TTµν (x, z) = Kµνe
ipx (where Kµν is a constant tensor
and p2 = −m2). Finally by using Kaluza-Klein(KK)
decomposition, the Schrodinger equation can be achieved
as (
− ∂2zA+ V (z)
)
ψ(z) = m2ψ(z) (14)
where the localizing potential is defined as
V (z) =
3
2
[
∂2zA+
3
2
(∂zA)
2
]
(15)
for more detail refer to [30]. According to [31], it is
realized that for trapping the massless mode of grav-
ity, the potential V (z) should have a well with a neg-
ative minimum inside the brane and satisfy V (z) > 0
far from the brane, namely for z → ±∞. By setting
m = 0, the zero mode wave function can be expressed
as Ψ0(z) = A0 exp(3A(z)/2), where A0 is a constant. In
order to localize the four-dimensional gravitation, Ψ0(z)
has to obey the normalization constraint∫
‖Ψ0(z)‖2dz = c,
where c is a finite constant. It is well-known that the
character of graviton localization depends on the poten-
tial VQM and also depends on the warp factor. In the
braneworld scenario, the four-dimensional effective ac-
tion is obtained from the five-dimensional action as
S ∼M35
∫
d5x
√−gR5 ∼M2p
∫
d4x
√
−hRˆ4 (16)
where Mp is the four-dimensional Planck scale. The lo-
calized zero mode will cause a four-dimensional Newto-
nian interaction potential. In [28] a de Sitter thick brane
4type of action (9) is investigated and the authors have
obtained the gravitational potential between two point-
like masses on the brane. They find that the effective
potential between two pointlike masses is from the con-
tribution of the zero mode and the continuum KK modes,
and is expressed as [28]
U(r) = GN
M1M2
r
+
M1M2
M5
∫
dm
e−mr
r
| ψm(0) |2 (17)
where the first term is a standard Newtonian potential
related to the contribution of the zero mode, and the
second term is the correction of the Newtonian potential
related to the contribution of th KK modes.
This work is focused on the evolution of the Universe
by assuming a scalar field on bulk which is coupled
with matter. The investigation of gravity localization in
detail in the model needs more offers and studying.
B. Equations of Motion on the Brane
Since we are interested in study the positive accelerat-
ing expansion of the Universe, we introduce a special case
of metric instead of (9). So we continue our work with a
Friedmann-Lemaˆitre-Robertson-Walker FLRW metric as
ds2 = −n2(t, y)dt2+a2(t, y)γijdxidxj+b2(t, y)dy2, (18)
with a maximally symmetric 3 geometry γij . We assume
that the brane is embedded on y = 0, also we take ac-
count Z2 symmetry. It should be mentioned that the
metric is continuous but their first derivative with re-
spect to y is discontinuous, and their second derivative
with respect to y includes the Dirac delta function. Sub-
stituting the above metric, one can obtain the nonvan-
ishing component of the Einstein tensor in the following
form
(5)G00 = − 3
a2
{
− a˙2 + a′2n2 + aa′′n2
}
, (19)
(5)Gij =
1
n3
{
2aa¨n+ 2n˙aa˙+ 2n2n′aa′
−na˙2 + a′2n3 + 2aa′′n3 + n2a2n′′
}
δij ,(20)
(5)G05 = − 3
an
{
a˙′n− n′a˙
}
, (21)
(5)G55 =
3
a2n3
{
− aa¨n+ n˙aa˙+ n2n′aa′ − na˙2
+a′2n3
}
. (22)
Note that in the above equations we take b(t, y) = 1,
and dot denotes derivative with respect to time and the
prime denotes the derivative with respect to the fifth co-
ordinate. Since, the second derivative of metric consists
of the Dirac delta function, according to [11] one can
define it as
a′′ = aˆ′′ + [a′]δ(y),
where aˆ′′ is the nondistributional part of the double
derivative of a(t, y), and [a′] is the jump in the first
derivative across y = 0, which is defined by
[a′] = a′(0+)− a′(0−).
The junction functions can be obtained by matching the
Dirac delta function in the component of Einstein ten-
sor with the component of the brane energy-momentum
tensor. From the (0, 0) and (i, j) component of the field
equation we have, respectively
[a′]
a0
= −κ
2
5
3
ρb, (23)
[n′]
n0
=
κ25
3
(2ρb + 3pb), (24)
(note that, here, ρb and pb, the brane energy density and
pressure respectively, include the tension of the brane,
namely ρb = ρ + σ and pb = p − σ, where ρ and p are
matter density and pressure respectively; see [11, 12]).
These equations are the same as the junction relations
that Binetruy , Deffayet, and Longlois[11] have obtained
in their paper. However, we should note here that the
energy density and pressure, namely ρb and pb , depend
on the scalar field. We shall explain their relation later.
One can obtain a junction condition for scalar field from
its equation of motion. According to Eq. (3), we arrive
at
φ¨
n2
− φ′′ +
(
3a˙
an2
− n˙
n3
)
φ˙−
(
n′
n
+
3a′
a
)
φ′ =
− V,φ(φ)− 2β
M
3/2
p
1√−h
∂Lm
∂h˜µν
h˜µνδ(y). (25)
Matching the Dirac delta function on both sides of this
relation, for y = 0, we have
[φ′] =
2β
M
3/2
p
1√−h
∂Lm
∂h˜µν
h˜µν . (26)
The right-hand side of this equation is computed as fol-
lows
β
M
3/2
p
1√−h
∂Lm
∂h˜µν
h˜µν = − exp ( 4βφ
M
3/2
p
)
× β
M
3
2
p
−2√
−h˜
∂Lm
∂h˜µν
h˜µν
= − exp ( 4βφ
M
3/2
p
)
β
M
3/2
p
(
T˜ µνh˜µν
)
=
β(1− 3ω)
M
3/2
p
ρ˜ exp (
4βφ
M
3/2
p
), (27)
where ρ˜ and p˜ are the energy density and pressure re-
spectively in the A frame. On the brane, the energy-
momentum tensors in the Einstein frame and A frame
are related to each other by
T µν = exp(
6βφ
M
3/2
p
)T˜ µν , (28)
5therefore, ρb and pb are easily expressed in terms of the
component of the energy momentum of the A frame and
scalar field as
ρb = ρ˜0 exp (
(1− 3ω)βφ
M
3/2
p
)a
−3(1+ω)
0 , (29)
pb = ωρ˜0 exp (
(1− 3ω)βφ
M
3/2
p
)a
−3(1+ω)
0 , (30)
whhere ρ˜0 is a constant that has been introduced in
Eq.(7) and a0 is a scale factor that is taken on the brane,
namely y = 0. When the scalar field approaches zero,
ρb = ρ˜ and pb = p˜. Also, because of the presence of Z2
symmetry, as we have assumed before, one can attain a′0,
n′0 and φ
′
0 functions from the junction conditions. From
the (0, 5) component of the field equation we have
5G05 = κ
2
5T
(φ)05 = κ25φ˙φ
′,
(T (b)05 = 0). Now, by substituting a˙′ and n′ from the
junction conditions, (23), (24), and assuming Z2 symme-
try, one can obtain the generalized continuity equation
on the brane as
ρ˙b + 3H(ρb + pb) = 2φ˙0φ
′
0. (31)
As we expected the energy, due to the interaction be-
tween matter and the scalar field, is not conserved. Note
that in all of the relations in this section we select n0 = 1,
without any loss of generality. We recognize that the gen-
eralized continuity equation explicitly confirms the junc-
tion condition. From the (5, 5) component of the field
equation, one can obtain the second order (or general-
ized) Friedmann equation as
a¨0
a0
+
a˙20
a20
= −κ
4
5
36
ρb(ρb+3pb)−κ
2
5
3
(
φ˙20
2
+
φ′20
2
−V (φ0)). (32)
The first Friedmann equation on the brane is obtained
from (0, 0) component of field equation as
H2 =
(
a˙0
a0
)2
=
κ45
36
ρ2b+
κ25
3
(
φ˙20
2
+
φ′20
2
+V (φ0))+
aˆ′′0
a0
. (33)
aˆ′′0 is the nondistributional part of the double derivative
of a(t, y) with respect to the fifth coordinate, and the
subscript 0 means that they are taken in y = 0. By
ignoring
aˆ′′
0
a0
and using ρb = ρ+ σ, one can obtain
H2 =
κ45σ
18
ρ
(
1+
ρ
2σ
)
+
κ45
36
σ2+
κ25
3
(
φ˙20
2
+
φ′20
2
+V (φ0)
)
.
(34)
It is seen that Eq.(34) agrees with the results which were
obtained in [8, 9] for brane world cosmology and is com-
pletely different from standard cosmology model, because
in standard cosmology H ∝ √ρ rather than ρ.
III. THE EVOLUTION OF THE UNIVERSE
In this section we want to investigate the behavior of
the evolution of the Universe in early and late times.
One can rewrite the generalized Friedmann equation as
follows
a¨0
a0
= −κ
4
5
36
(2 + 3ω)ρ2b −
κ25
3
(φ˙20 + φ
′2
0 ). (35)
From the junction condition, and with the help of the
function of energy density, we rearrange this relation as
a¨0
a0
= −κ
4
5
36
(2 + 3ω)
(
ρ˜0
a
3(1+ω)
0
)2
× exp (2(1− 3ω)βφ
M
3/2
p
)− κ
2
5
3
φ˙2
−κ
2
5
3
β2
4M3p
(1 − 3ω)2
(
ρ˜20
a
6(1+ω)
0
)2
× exp (2(1− 3ω)βφ
M
3/2
p
) (36)
A. Early time
In early times, namely in the inflation stage, the scalar
field is dominant and also it is well-known that the scalar
potential energy of the inflation dominates over the ki-
netic energy. So Eq. (35) reduces to
a¨
a
≃ −κ
4
5
3
φ′
2
0,
= −κ
4
5
3
β2(1− 3ω)2
M3p
ρ˜0
2
a6(1+ω)
exp
{
8βφ0
M
3/2
p
}
. (37)
The effect of [exp {4βφ0/m3/2p }/a3(1+ω)]2 on the evolu-
tion of the Universe is obvious in this area. This term
is large and may explain inflation in very early step of
the Universe evolution. At the end of inflation the evo-
lution of the Universe has a transition from a de Sit-
ter stage, during which the evolution of the Universe is
dominated by the scalar field, to a subsequent radiation-
or matter-dominated Friedmann-Robertson-Walker type
cosmological model. One of the possible approaches to
this problem is phenomenological [23, 26, 27]. At this
stage the first term of (35) is dominated and then we
have
a¨
a
≃ −κ
4
5
36
(2 + 3ω)
ρ˜20
a
6(1+ω)
0
exp (
2(1− 3ω)βφ
M
3/2
p
). (38)
In radiation dominant with ω = 1/3, the power of the
exponential function vanishes and we obtain a deceler-
ation phase of expansion for the Universe. However, in
this stage we want to investigate the inflation and then
reheating process of the evolution after inflation.
61. Inflation
In the widely accepted inflationary scenario it is as-
sumed that during an initial period the Universe is dom-
inated by a large, approximately constant potential term
V (φ) of a scalar field φ0, known as the inflaton field
[22, 23]. In our model the energy-momentum tensor of
the scalar field can be written on the brane in the perfect
fluid form, with energy density ρφ and pressure pφ as
ρφ0 =
1
2
φ20 + V˜eff (φ0), (39)
pφ =
1
2
φ20 − V˜eff (φ0), (40)
where
V˜eff (φ0) = V (φ0) +
1
2
φ′0
2
(41)
and φ0 = φ(y, t)|y=0 = φ0(t). So in this case Eq. (34)
reduces to
H2 =
κ45
36
σ2 +
κ25
3
ρφ0 . (42)
Let us now consider the equation of motion of the scalar
field on the brane. Equation (3) can be rewritten on the
brane as
φ¨0 + 3Hφ˙0 +
κ25
3
(ρb − 3pb)φ′0 = −V,φ(φ0). (43)
We have ignored the nondistributional part of φ′′. This
equation clearly shows the effect of bulk on the equation
of motion of φ. We may introduce an effective potential
to describe the dynamic of the scalar field as
Veff,φ(φ0) ≡ V,φ(φ0) + κ
2
5
3
[
{1− 3ω}ρbφ′0
]
. (44)
Dependence on energy density of the effective poten-
tial and a quantity that has come from bulk is explicit.
Hence, one can easily write the equation of motion for
the scalar field on the brane as
D2φ = −Veff,φ(φ0), (45)
where D2 is the D’Alembert of the scalar field in four-
dimensional space-time. It is the same as the equation
which is obtained for low energy, four-dimensional [5, 6].
So one can obtain the mass of the scalar field φ as
m2φ = Veff,φφ,
= V,φφ +
κ25
3
{1− 3ω} ∂
∂φ
(ρbφ
′
0). (46)
Therefore, although bulk is free of matter, but due to
interaction between e matter and the scalar field, the
scalar field which propagates through the bulk takes a
mass which is dependent on the brane density energy. In
fact this means that the mass of the scalar field in the
four dimensional effective action is not small and so the
correction to the Newton law cannot be large because of
the propagation of the scalar field in the bulk. We want
to obtain a simple form for m2φ. Using (24) and (25) we
have
φ′0 =
1
2
[φ′0],
=
β(1 − 3ω)
M
3/2
p
ρ˜0
a3(1+ω)
exp
{
4βφ0
M
3/2
p
}
. (47)
Using (29), (30) and (47) we have
κ25
3
(ρb − 3pb)φ′0 = A(t) exp
{
β(5− 3ω)φ0
M
3/2
p
}
, (48)
where
A(t) =
βκ25ρ˜
2
0(1− 3ω)2
3a6(1+ω)M
3/2
p
.
Substituting (48) in (44) and (46) gives
Veff,φ = V,φ(φ) +A(t) exp
{
4βφ0
M
3/2
p
}
, (49)
m2φ = V,φφ +
4β
M
3/2
p
A(t) exp
{
4βφ0
M
3/2
p
}
. (50)
It is well-known that the potential energy of the in-
flation dominates over the kinetic energy; this means
Veff (φ0) ≫ φ˙20/2. Hence one requires a flat potential
for the inflation in order to lead to sufficient inflation.
Implying the slow-roll conditions, Veff (φ0) ≫ φ˙20/2 and
|φ¨0| ≪ 3H |φ˙0| Eqs. (42) and (43) are approximately
given as
H2 =
κ25
3
Veff (φ0), (51)
3Hφ˙0 = −V ′eff (φ0), (52)
the velocity is negative for Veef > 0, because the field
rolls down the potential towards smaller φ0 values.
2. Reheating after inflation
During a second period of evolution, the potential min-
imum is approached, Veff (φ0) tends to zero, and the
scalar field starts to fluctuate violently around the min-
imum value. In fact at the end of inflation some of the
scalar field energy density needs to be converted to con-
ventional matter to restore hot big bang cosmology usu-
ally this process comes by decay of the scalar field (infla-
ton field). In addition there is the possibility of reheating
by gravitational particle production, where the required
particles are produced quantum mechanically from the
time varying gravitational field. The method of studying
7for this kind of reheating depends on the scalar field equa-
tion of motion and the expansion rate, namely, Eqs.(43)
and (42) [35]. However, in the postinflationary stage,
the inflaton field executes coherent oscillations about the
minimum of the potential [39] and the kinetic term dom-
inates the potential term in the reheating era. Therefore
we can expand the effective potential around the mini-
mum point and in the reheating area we have
Veff (ϕ) ≃ 1
2
m2φminϕ
2, (53)
where we have ignored a constant in (53), ϕ = φ0(t) −
φ0min and the effective potential is minimized at φ0min .
Then the scalar field equation of motion in the reheating
area is
ϕ¨+ 3Hϕ˙+m2φminϕ = 0, (54)
According to the theory of reheating [36, 37], which was
based on the concept of single-body decays, the inflaton
field is a collection of scalar particles each with a finite
probability of decaying. Such decays can be treated by
coupling φ to other scalar or fermion fields through terms
in the Lagrangian. We assume the inflaton field is cou-
pled with a matter scalar field as Kϕψ2 . Here ψ is a
matter scalar field. Since the homogeneous part of the
inflaton is very large at the end of inflation it behaves like
a classical field. So the inflaton is treated as a classical
external force and acting on the quantum fields ψ. The
explicit expression of the decay width of the scalar field
can be represented as [38]
Γ = αφmφ
√
1− ( T
mφ
)2 (55)
where αφ and mφ are the coupling constant and the mass
of inflation, respectively. T is the decaying temperature
and it can be related to the matter density, ρm, as
ρm = σT
γ
γ−1 , (56)
where σ is a constant. For a radiation dominant, ρm =
pi2T 4/15, σ = pi2/15, and for a matter-dominated Uni-
verse, the relation between ρm and T can also be written
down explicitly. The scalar field is negligibly small in the
matter-dominated phase and in the nonrelativistic mat-
ter domination era T ≤ 1eV. This is far smaller than the
minimum bound obtained for mφ especially in our model
in which the scalar field is coupled to matter and so the
mass of the scalar field is dependent on local matter.
Hence, in the nonrelativistic phases of matter evolution
the decay rate is simplyΓ = αφmφ.
In order to obtain better insight, we need to know the nu-
merical values of the model parameters. As mentioned
above, the order of magnitude of αφmφ is about the order
of magnitude of the decay width, which is the reciprocal
of the characteristic time scale of reheating. The infla-
tionary era ends, and reheating can start at the earliest at
around t = 10−32 s, while the hot big bang commences at
around t = 10−18 s [24, 25]. The reheating process should
be complete before the hot big bang to restore the big
bang Nuvleosynthesis. Therefore 1018s−1 ≤ Γ ≤ 1032s−1
and this requires that
1KeV ≤ αφmφ ≤ 108GeV. (57)
Note that in our model m2φ is time dependent and this
fact was one of the main insights of inflationary and re-
heating cosmology in the 1990s. to explain the preheat-
ing we must couple the inflaton field ϕ to another matter
scalar field through an interaction term in the Lagrangian
(1) as
Lint = (1/2)g2φ2ψ2, (58)
where g is a dimensionless coupling constant. The to-
tal effective potential for this system will be the sum of
the effective potential, Veff driving inflation which was
independent of ψ and the above interaction term:
Ueff = Veff (φ) + (1/2)g
2ϕ2ψ2. (59)
Note that the inflaton field has two interactions with
matter in this model. One of that is created with the
chameleon mechanism and the other one is created as
(58). According to the above equation, ψ, with zero bare
mass, will find an effective mass as
mψ = gφ(t). (60)
It is well-known, in our model, the mψ is much smaller
than mφ and so according to [87, 237] this plys the cru-
cial role in the reheating process. So one can obtain the
Fourier modes of the ψ field which obey the following
relation
ψ¨k + 3Hψ˙k = −
[k2
a2
+ g2φ2(t)
]
ψk, (61)
Using ψ = a−3/2X(t), where a(t) is the scale of the
FLRW Universe, we have
X¨(t)− ω2kX(t) = 0, (62)
where
ωk =
√
k2
a2
− 3
2
H˙ − 9
4
H2 + g2φ(t)2. (63)
It is seen that this equation is an oscillating equation with
time dependence frequency ωk and the crucial parame-
ter in this ω is m2X . If this quantity, m
2
X is changing
rapidly then ωk change also. This is quantified by the
dimensionless parameter Ra which is defined as
Ra ≡ ω˙k
ω2k
. (64)
The Ra ≪ 1 is usually known as the adiabatic regime.
In this regime there is no particle creation and so the
8number of particles is constant. But if Ra ≫ 1 the num-
ber of particles is not constant; this means that in this
regime of the model there is particle creation during the
reheating. One can obtain the adiabaticity parameter as
|ω˙k|
ω2k
∼ |ϕ˙|
gϕ2
. (65)
In the interval |∆ϕ| ≤
√
|ϕ˙|/g the adiabaticity parame-
ter, Eq. (65), is greater than O(1). Here ϕ˙ is evaluated
at the collision time.
To obtain an explicit relation for the reheating temper-
ature, e-folding number and other relevant quantity the
reheating process needs further study and investigation
for some typical examples. So this still is an open prob-
lem in our model.
B. Late time
The present model is a slow-rolling model. The Per-
centage change in the expectation value of φ in one Hub-
ble time, τ = φ˙/φH is a criterion for the slow-rolling
limit of a scalar field. If this quantity be τ ≈ Veff,φ/φH ;
so, if this ratio is sufficiently small, the scalar field is in
the slow-rolling limit. In this case φ˙ is very small and we
can illegal φ˙2. Therefore we arrive at
a¨
a
≃ −κ
2
5
3
(
1
2M35
(2 + 3ω) +
β2
4M3p
(1 − 3ω)2
)
×
(
ρ˜0
a
3(1+ω)
0
)2
exp (
2(1− 3ω)βφ
M
3/2
p
). (66)
If we take the magnitude of M5 in order of electroweak
scale ME = 1TeV [16] and Mp in order of 10
18GeV , the
second term in parenthesis may be ignored with respect
to the first term. So, to have an accelerated expanding
Universe in this area ω should obey as follows
ω < −2
3
, (67)
this range for ω is consistent with astronomical data, be-
cause the most recent data indicate that ω < −0.76 at
the 95% confidence level[17]. This consistency shows that
in this epoch the two models ( standard cosmology and
brane world cosmology with chameleon scalar field in the
bulk) have the same observational results, because in this
epoch( late time ) one can ignore ρ2 term in Eq. (35) and
then this model can be reduces to the standard cosmol-
ogy model. For −1 < ω < − 23 , with attention to the
power of a0, there is a positive and decreasing value for a¨
and for ω < −1 there is a positive and increasing value.
IV. VALIDITY OF GENERALIZED SECOND
LAW OF THERMODYNAMICS
One important question concerns the thermodynam-
ics behavior of the Universe. The first connection be-
tween general relativity and thermodynamics was given
by Bekenstein in 1973. Since then, thermodynamics as-
pect of the Universe has been the subject of several stud-
ies and the validity of the thermodynamics law has been
investigated in many works. In recent years, therehas
been a lot of interest in the brane world scenario which
has given us a new, interesting picture of the Universe
and a generalized form of the Universe. Maybe the main
reason for studying the validity of the thermodynamics
law is that it is natural to study this subject for models
which have been built in this new scenario.
Let us now examine the validity of the GSLT, with the
assumption of the validity the first law. We consider a
region of a FLRW Universe involved with the horizon.
There are some works for the validity of the GSLT in
the DvaliGabadadzePorrati (DGP) brane world scenario
[18, 19]. This bounded region is filled with a perfect fluid,
where
pb = ωρb.
The amount of energy crossing the horizon in time dt is
equal to
dE
dt
=
4pi
3
R3h
(
−3H(ρb + pb) + 2φ′φ˙
)
, (68)
where Rh is the radius of the horizon. With the help of
the validity of the first law of thermodynamics, variation
of horizon entropy is expressed as
S˙h =
4piR3h
3Th
(
3H(ρb + pb)− 2φ′φ˙
)
(69)
Th is the temperature of the horizon. Using the Gibbs’s
equation,
ThdSI = dEI + pbdV.
Note that according to [20], we have supposed an equi-
librium for the temperature inside matter and horizon.
Time evolution of the entropy inside the horizon is ob-
tained as
S˙I =
1
Th
(
V ρ˙b + (ρb + pb)V˙
)
. (70)
Since we have V = 4pi3 R
3
h and E = ρbV , S˙I can be rewrit-
ten as
S˙I =
4piR2I
Th
×
(
RI
3
(−3H(ρb + pb) + 2φ′φ˙) + (ρb + pb)R˙I
)
.(71)
Adding Eqs.(69) and (71), we attain the total variation
of entropy
S˙ = S˙h + S˙I =
4piR2h
Th
(ρb + pb)R˙I (72)
Now, we are ready to examine the validity of the GSLT
for the apparent horizon and cosmological event horizon.
In the following we compute the time variation of R for
both of these horizons.
9• Apparent horizon:
For the flat space of our Universe, the apparent
horizon is described by RA =
1
H . So we have
R˙A = − H˙
H2
. (73)
The sign of R˙A depends on the sign of H˙.
• Cosmological event horizon:
The radius of the cosmological event horizon is
given by
RE = a0(t)
∫ ∞
t
dt
a0(t)
.
So the time variation of RE is described by
R˙E = HRE − 1. (74)
According to [21], for a Universe with a positive
acceleration, like our model, if H˙ > 0 , there is
a¨
a
− a˙
2
a2
> 0 (75)
by integration above relation
∫ ∞
t
da˙
a˙2
>
∫ ∞
t
dt
a
. (76)
For an accelerated expanding Universe, a¨ > 0, in
the late time a˙(t −→ ∞) goes to infinty. We can
compute the above integral as
a˙
∫ ∞
t
dt
a
< 1, (77)
which means HRE < 1. Therefore there is R˙E < 0
for H˙ > 0 and R˙E > 0 for H˙ < 0.
With attention to the above result, one sees that for in-
vestigation of the validity of GSLT we need to determine
the sign of H˙ . We carry it out with the help of the first
Friedmann equation. By taking the time derivative of
the first Friedmann equation, we arrive at
2HH˙ = −κ
4
5
6
H(1 + ω)ρ2b +
κ25
9
ρbφ
′φ˙
+
κ25
3
φ˙(φ¨+ V,φ(φ)) +
κ25
3
φ′φ˙′. (78)
The reader should note some points: first, we have an
accelerated expanding Universe, so H is always positive;
second, if we suppose that the scalar field is a uniform
decreasing function of time, then the time derivative of
it is negative; third, V,φ(φ), as we can see in [5, 6], is
always negative, so φ˙V,φ > 0. Substituting the energy
density and with the help of the junction condition, one
can rearrange the above equation
2HH˙ = −κ
2
5
3
ρ˜20 exp (
2(1− 3ω)βφ√
M3p
)a−6(1+ω)
{
κ25

−H(1 + ω)
2
+
β
3
√
M3p
(1− 3ω)φ˙


+
β2(1− 3ω)2
M3p

(1 − 3ω)βφ√
M3p
−H


}
+
κ25
3
φ˙
(
φ¨+ V,φ(φ)
)
(79)
Since the φ˙ is small and because of the existence of the
Mp in the denominator we can estimate
2HH˙ −→ −κ
2
5
6
H(1 + ω)ρ˜20 exp (
2(1− 3ω)βφ√
M3p
)a−6(1+ω)
+
κ25
3
φ˙V,φ(φ) (80)
to have H˙ > 0; especially in early times, there should
be ω < −1. This result indicates that H˙ > 0, so the
time variation of both the apparent horizon and cosmo-
logical event horizon is negative, namely R˙E , R˙A < 0.
For validity of the GLST the equation of state parame-
ter should be smaller than −1; this is compatible with
relation (26). In this range of ω our matter is phantom.
If −1 < ω < − 23 , there is still an accelerated expan-
sion, and for validity of GSLT, H˙ should be negative. It
means the first term on the right-hand side of (44) should
be dominant. With considering equation (44) we see that
this condition is not unreasonable. In this range value of
ω our matter is named quintessence.
V. CONCLUSION
In this paper a kind of scalar field is embedded in the
bulk space-time, called the chameleon scalar field. A
brief review on gravity localization has been mentioned,
whereby taking some gauge as well as the transverse-
traceless gauge, a wave equation for the perturbation of
the metric could be achieved to let us determine whether
or not gravity localized on the brane. The junction con-
ditions are acquired. The junction condition for the com-
ponent of the metric is similar to the result of the work
of Binetruy et al, but in contrast to their result, here the
components of the energy-momentum tensor depend on
the scalar field with an exponential term. Considering
the generalized Friedmann equation tells us there is an
exponential expansion in early times. This exponential
expansion may have relation with the inflation period.
The assumption of interaction between matter and the
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scalar field brings us an effective potential to recover the
basic equation for explaining inflation. It has been shown
that in the radiation dominant era, the exponential term
is omitted from the acceleration equation. Also we have
a positive acceleration in late time for the Universe. The
equation of motion of the scalar field on the brane is sim-
ilar to the standard model and it displays that the mass
of the scalar field depends on the local energy density. In-
vestigation of the validity of the generalized second law
of thermodynamics for the apparent horizon and cosmo-
logical event horizon shows that the matter on the brane
can be phantom or quintessence.
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